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The biaxial total wrist arthroplasty (DePuy Orthopaedics Inc, Leeds, UK) is a third-generation wrist prosthesis of an unconstrained design. 2 It has a rounded articulating interface, orientated in the plane of movement of the wrist ( Fig.  1 ). It aims to achieve physiological movement by offsetting the radial component ulnar-wards and volar-wards, bringing the third metacarpal into line with the ulnar border of the radius with the axis of movement passing through the centre of rotation, the proximal pole of the capitate. Porous coating has been applied to enhance bony ingrowth and fixation. Early review of the implant showed an improvement in function and relief from pain. 3, 4 We have inserted 76 standard biaxial wrist prostheses as a primary procedure in 73 patients with rheumatoid arthritis of the wrist. We present our clinical experience and survivorship figures, and analyse the pattern of failure on loosening and those requiring revision.
Patients and Methods
Of the 73 patients who underwent total wrist arthroplasty between September 1992 and December 1999, 63 were available for study. Five had died from unrelated causes, two were unable to attend for assessment because of ongoing medical or social problems and three were lost to follow-up. Bilateral procedures were carried out in three patients. The dominant side was involved in 53 of the 66 wrists; 39 wrists were Wrightington grade III and 27 were Wrightington grade IV. 5 In grade-III wrists, the bony architecture of the distal radius is preserved, but there are degenerative changes in the arthritic intercarpal joints, erosion of the radioscaphoid joint or volar subluxation of the carpus. In grade IV, much bone stock has been lost from the distal radius and there is gross erosion on the medial side of the radius at the level of the distal radio-ulnar joint. In ten patients multiple joints were involved, with significant involvement of the ipsilateral elbow. The ipsilateral shoulder was involved in nine patients, and the finger joints in 21. There were 11 men and 62 women with a mean age at follow-up of 59.3 years (43.2 to 83.6). The mean followup time was 52 months (12 to 99). Operative technique. Our policy for patients with bilateral wrist disease was initially to carry out arthroplasty on the dominant side and arthrodesis of the other wrist, if required. This was later modified according to the wishes of the patient in the light of their experience with the first operation. All operations were undertaken or supervised by one of the senior authors (IAT or JKS).
A dorsal midline incision was used, allowing a radially based retinacular flap to be fashioned and the extensor tendons to be displaced. The distal centimetre of the ulna was excised. The radius was divided at the level of its remaining articular surface and the carpus at the level of the head of the capitate. Specially designed rasps were used to prepare the bone. The carpal component was cemented in 52 wrists; early in the series the radial component was also cemented (9 wrists). The mean follow-up of uncemented carpal components was 36 months and for cemented carpal components, 54 months. Before 1996 our policy was to immobilise the wrist for eight weeks, followed by a supervised programme of rehabilitation (30 wrists). After 1996 this was changed to immobilisation for two weeks only in an attempt to achieve a better range of active movement (36 wrists).
All patients were assessed clinically and radiologically by an independent observer at a special clinic. Functional outcome was scored according to the system of the Hospital for Special Surgery (HSS). 6 Clinical evaluation included assessment of pain, range of active movement and function. Overall scores of 90 to 100 were considered to be excellent, 80 to 89 good, 70 to 79 fair and <70 poor (Table I ). The severity of pain, before surgery and at the time of review, was determined using a visual analogue scale in which 0 was no pain and 10 represented severe pain. Pain was further categorised as slight (1 to 3), moderate (4 to 6) and severe (>7). Ranges of active movement. Flexion/extension, ulnar/ radial deviation and supination/pronation were measured by a goniometer placed dorsally on the third metacarpal and the midline of the forearm. The neutral position for radial and ulnar deviation was set as the midline of the maximally pronated forearm in line with the third metacarpal with the elbow flexed to 90° and shoulder abducted as close to 90°a s possible. The functional range of movement was defined as 5° flexion, 30° extension, 10° radial and 15° of ulnar deviation. 7 A clinical impression of stability of the arthroplasty was made with the wrist at rest, and during the arc of movement. For function, specific questions were asked regarding activities of daily living, using the Wrightington activities (Table  II) , and a comparison was made with the preoperative status. Grip strength was measured using a jamar dynamometer (Jackson, Michigan), but as initial results were directly related to the inflammatory involvement of the thumb and fingers, the data were later excluded from analysis. Postoperative wrist alignment was assessed to reveal static or dynamic soft-tissue imbalance. Ulnar and radial deviation at rest and at the extremes of flexion and extension were recorded in order to determine alignment. Patient satisfaction. A total of 27 patients who had undergone arthrodesis of the wrist on the other side was specifically asked how they assessed the arthroplasty and whether they would have preferred to have had a second arthroplasty. Radiological evaluation. For radiological assessment we mainly used the method described by Cobb and Beckenbaugh. 4 Standardised anteroposterior (AP) and lateral radiographs, taken after the operation, at yearly intervals and at the latest follow-up, were analysed. Some records had an incomplete set of radiographs, leaving a total of 316 films available for analysis. These were examined for radiolucent lines around the components, subsidence or any change in position of the implants. Radiological zones, as shown in Figure 2 , were used to localise areas of lucency around the components. Subsidence of the distal implant was revealed by measurement of the distance between the tip of the carpal component to a fixed bony point, usually the tip of the third metacarpal. Subsidence of more than 3 mm was considered to be significant since any error due to obliquity of the film would be eliminated and 3 mm has been shown to have significant association with failure of the implant. 4 Radiological loosening was defined as a multivariate demarcation index. Lucency measuring more than 1 mm in all six radiological zones was taken to indicate gross loosening. The position of the components was defined by calculating the radio-ulnar angulation and the flexion-extension tilt (FE angle) of the components, on postoperative and subsequent radiographs, and by measuring the angles between the axes of the components and the respective bones on the AP (Fig. 3 ) and lateral radiographs (Fig. 4a) . Placement of the carpal component in relation to the third metacarpal was also defined. For the carpal components, which were placed into the third metacarpal, three further measurements were made; the length of the third metacarpal, the length of the stem of the carpal component and the proportion of the stem within the medullary canal. Statistical analysis. Measurements obtained from radiographs were converted into the SPSS (SPSS Inc, Chicago, Illinois) format. Survival curves were calculated using the Kaplan-Meier technique for three separate terminal events, namely revision surgery, a carpal loosening score greater than 1 (taken as a measure of gross loosening) and migration of the carpal component (Fig. 4b) . Lucency in the six radiological zones around the carpal component, which were variables in the demarcation variable data set, were reduced using principal component analysis to just one Diagram showing measurement of the radioulnar angle of the components in relation to the long axes of the bones.
summary score defined as loosening of a carpal prosthesis. 8 For comparative survivorship we used the log-rank test (1 degree of freedom). Proportional hazards analysis (Cox's regression model) was used to assess the hazard rates for the three different terminal events. 9 A forward stepwise procedure, with entry of a covariate if its p value was <0.05, assumes that the underlying hazard rate (rather than survival time) is a function of independent variables. No assumptions were made about the nature or shape of the hazard function. The flexion/extension angle in the lateral plane was regressed against time after surgery to produce a prediction equation for the rate of migration of the carpal component.
Results
Failure was defined by the presence of either an HSS score <70, revision surgery or radiological loosening. The last was further defined by the presence of a loosening index >1 and erosion of the bone because of migration of the component. The HSS score is based on three parameters of pain relief, range of movement and function (Table I) . Of the 66 replacements, 17 had an excellent result, 24 good, 8 fair and 17 a poor result. The three patients who had bilateral wrist replacements had no clinical problems. The results of these six replacements were graded as excellent in one, good in four and fair in one.
A total of five wrists underwent revision surgery. In one, both the radial and the carpal components were revised and in another only the carpal component to a longer stem for symptomatic loosening. Three loose replacements were converted to arthrodeses because of symptomatic loosening. Relief from pain compared favourably with the preoperative status. At follow-up, and after eliminating the wrists which were subsequently revised, complete relief from pain was achieved in 41 replacements (67%), mild pain was present in nine patients and moderate pain in 11.
A total of 27 patients had bilateral procedures, with arthroplasty on one and arthrodesis on the other wrist. In this group, 14 patients would have preferred an arthroplasty on the side of the arthrodesis, even although five had a fair or poor result from their arthroplasty. Seven patients would have preferred arthrodesis on the side of the arthroplasty, while six were happy with our policy of arthroplasty for the dominant hand and arthrodesis for the other.
At follow-up, the mean values (95% confidence intervals) for palmar flexion and dorsiflexion, were 17.4° (14 to 20.8) and 28.8° (24.7 to 32.9), respectively. The values for radial and ulnar deviation were 6° (4.4 to 7.6) and 13.6° of movement described by Palmer et al. 7 A major improvement was achieved by 25 patients in activities of daily living, while 35 patients had minimal to moderate improvement and three experienced deterioration.
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Soft-tissue imbalance which led to an abnormal resting position and affected the function of the wrist and clinical outcome, was seen in 11 wrists. There was ulnar or radial deviation in five wrists and one patient had a fixed flexion deformity. Correction of soft-tissue imbalance was attempted by tendon transposition in two patients, but this surgery did not improve the outcome.
The overall rate of complications for this series was 27% (Table III) ; 13 (72%) of these complications were resolved by appropriate treatment. The intraoperative metacarpal fractures healed with simple splinting and none failed to unite. Most dislocations occurred soon after surgery. They were treated by closed manipulation and immobilisation for eight weeks. One, which was diagnosed at six weeks, required open reduction. All the joints remained stable after treatment. Neither the metacarpal fractures nor the dislocations adversely affected the outcome. In one patient distal ulnar instability was treated by a Herbert distal ulnar implant. Radiological analysis. A total of 14 arthroplasties had radiological loosening of the carpal component. One also had loosening of the radial component. Five of these were revised either to fusion or to a longer component. Of the remaining nine patients, six have mild to moderate pain and are graded as poor (HSS score), and three are asymptomatic with a mean follow-up of 34 months. The three bilateral replacements showed no radiological evidence of loosening. Survivorship. When revision was considered to be the terminal event (Fig. 5) , the cumulative survival after eight years was 83% (68 to 98). The cumulative survival for carpal loosening with a score >1 was 78% (60.7 to 95.3) at the end of the study period (Fig. 6 ). Migration had a cumulative survival of 82% (70.5 to 93.5) at the end of the study period (Fig. 7 ). There were eight migration events, but only three showed gross loosening with a carpal loosening score >1; the other five showed only moderate loosening.
Comparative survivorship was assessed using log-rank tests. The survivorship with revision surgery as the terminal event, was 69% (50 to 88). The rate of survival was 42% (8 to 76) in those carpal components placed outside the third metacarpal, at eight years. There was a significant difference between the survival curves (log-rank statistic 5.92, p = 0.015).
Cox's regression models were fitted to the data set and prediction equations calculated for each of the three terminal events, and for subsidence. Various factors were investigated as potential covariates. Age, gender, surgeon, the Graph showing the cumulative survival of 66 biaxial wrist replacements with failure defined as revision surgery. The first equation expresses prediction of the hazard rate of revision. Only the FE angle was significant in this model (Table IV ) which indicates that for each degree that an implant is placed in extension in the lateral plane, there is a 17% increase in the hazard that revision will be required. This model is significant; chi-squared = 4.19 (1 degree of freedom) and p = 0.04. Cox's regression for carpal loosening (>1) included the FE angle and the placement of the carpal component. The model indicates that there is a greater hazard rate of 22% for each degree that the carpal implant is placed into extension. If the implant is placed within the third metacarpal, the hazard is only 1% of that which obtains if it was placed outside the third metacarpal. The model is highly significant; chi-squared = 15.59 (1 degree of freedom) and p = 0.0004.
Cox's regression for migration suggests that there is an increased risk of 14% for each degree of extension of the carpal component. If the implant is placed within the third metacarpal the hazard is only 6% of that if the component is placed outside the third metacarpal. If cement is not used for fixation there is a sixfold increase in the hazard rate. This model is also significant (chi-squared = 16.5 (3 degrees of freedom) and p = 0.0009.
A significant correlation was found between subsidence of the carpal component and the carpal loosening index over time for all the components, both cemented and uncemented, which were placed in the third metacarpal Graph showing the cumulative survival of 66 biaxial wrist replacements with failure defined as dorsal migration of the distal component. 
Discussion
Various generations of total wrist arthroplasty have been devised since Swanson pointed out that a few degrees of wrist movement would increase the reach of the fingers by between 5 and 6 cm. Many authors have reported their experience. 1, 3, 4, 6, [10] [11] [12] [13] [14] [15] [16] The indications for replacing the wrist include bilateral rheumatoid involvement, although arthrodesis continues to be a mainstay of therapy. The contraindications for joint replacement are loss of innervation, lack of active extension, local infection, poor bone stock, chronic subluxation and the need for weight-bearing through the joint, as with use of crutches or a walker. 13 Cobb and Beckenbaugh 4 reported 52 patients with biaxial wrist replacements who were followed up for a minimum of five years or until failure. The survival at five years was 83% with revision as an endpoint; 75% of patients had complete relief from pain and the mean arc of movement improved. In our review, biaxial total wrist replacement gave good relief from pain and a good subjective outcome in the medium term. There is, however, a clinical failure rate of 26% using the HSS score and a radiological failure rate of 22% in a 'worst case' scenario. In spite of the relatively high rate of failure, as compared with arthroplasties of other joints, patient satisfaction was very encouraging. More than half of the patients who had undergone fusion of the wrist on the opposite side would have preferred arthroplasty on that side also. This suggests that rheumatoid patients value joint mobility very highly. Although less than half of the arthroplasties achieved a range of movement which is defined as functional, patient satisfaction revealed that most valued a pain-free but modest range of movement. Moreover, the range of movement which is achieved after arthroplasty is related directly to the preoperative range. 11, 16 The range of movement and resultant function are influenced by the degree of other ipsilateral joint involvement. Nearly half the patients in our series had other major joint involvement requiring arthroplasty. It has been suggested that wrist replacement may be preferable for those patients whose joint destruction and deformity are greatest, 11 but the results of total wrist arthroplasty may improve significantly if surgery is done earlier when the bone stock is good and soft-tissue destruction less. Since the bone stock is usually poor in these patients and bony ingrowth may be adversely affected by medication for the disease, uncemented fixation of the carpal component is poor. In our study, we found that the uncemented carpal components had a four times greater risk of subsidence. Cobb and Beckenbaugh 4 concluded that subsidence of the carpal implant at one year was the best early radiological indicator for loosening of the implant. Our mean follow-up for the uncemented carpal components was three years, although five-year survivorship without revision for uncemented carpal components has been reported as 67% in a small sample size. 4 We would now routinely consider impaction bone grafting for patients with poor bone stock using fresh frozen allograft from the femoral head. Although with this design loosening of the proximal component has not been a problem, the design of the distal component is still evolving both from a surgical and bioengineering point of view. Our findings indicate that the immediate postoperative alignment of the implant in the metacarpal has an important effect on survival, and that placing the carpal component in extension increases the probability of loosening and dorsal migration of the component. Placement outside the third metacarpal also increases the probability of migration.
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